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Languages are transmitted through channels created by kin-
ship systems. Given sufficient time, these kinship channels can
change the genetic and linguistic structure of populations. In
traditional societies of eastern Indonesia, finely resolved cophy-
logenies of languages and genes reveal persistent movements
between stable speech communities facilitated by kinship rules.
When multiple languages are present in a region and post-
marital residence rules encourage sustained directional move-
ment between speech communities, then languages should be
channeled along uniparental lines. We find strong evidence for
this pattern in 982 individuals from 25 villages on two adja-
cent islands, where different kinship rules have been followed.
Core groups of close relatives have stayed together for gen-
erations, while remaining in contact with, and marrying into,
surrounding groups. Over time, these kinship systems shaped
their gene and language phylogenies: Consistently following a
postmarital residence rule turned social communities into speech
communities.
language | kinship | coevolution | cultural evolution | population genetics
Language moves down time in a current of its own making,as Edward Sapir famously observed (1). Here, we suggest
that these currents flow in channels created by kinship systems
(2–4). To discover how durable such channels are, and how
long languages remain within them, we investigated language
transmission in 25 communities on the remote eastern Indone-
sian islands of Sumba and Timor, where language diversity and
traditional settlement structures are still largely intact (5). In
these traditional societies, movements among communities are
mostly motivated by marriage (6–8). Broadly, there are four pos-
sibilities: (i) All individuals marry and reside within the same
community (endogamy); (ii) individuals marry and live outside
their natal community (ambilocality or neolocality); (iii) men
remain in their natal community and women disperse (patrilo-
cality or virilocality); or (iv) women remain in their natal com-
munity and men disperse (matrilocality or uxorilocality) (9). In
tribal societies like Sumba and Timor, where language diver-
sity is high, these dispersal practices have different consequences
(10–13). When women remain in their natal communities and
men disperse (matrilocality), language transmission is channeled
through women, and children will learn the community language
of their mothers. In this case, if men often marry outside the
radius of their mother’s speech community, language might be
expected to correlate with the maternally inherited mitochon-
drial DNA (mtDNA), but not with the paternally inherited Y
chromosome (Y). Conversely, if men stay in their natal com-
munity and women disperse (patrilocality), the opposite pattern
should hold (14).
To examine these mechanisms of language transmission, we
analyzed linguistic and genetic data from two Indonesian islands
where postmarital residence rules are still largely observed and
dispersals are mostly local. These communities mimic how the
rest of the world once looked and provide a model system to
investigate language transmission without many of the reper-
cussions of globalization. On Sumba, we surveyed 14 patrilocal
villages where 12 Austronesian languages are spoken (Fig. 1).
Many communities on neighboring Timor are also patrilocal, but
there is also a centuries-old cluster of matrilocal villages in the
region of Wehali near the center of the island (15). We surveyed
nine matrilocal villages in Wehali, along with two patrilocal vil-
lages located just to the north. The languages spoken in these
villages include a non-Austronesian language (Bunak) and four
Austronesian languages. Thus, our study system included 25 vil-
lages on two islands, representing both matrilocal and patrilocal
communities, speaking 17 languages belonging to two language
families. How have these languages traveled through time, within
and between communities?
To find out, we began by collecting data on language and kin-
ship from representative samples of men in each village. Our goal
was to compare matrilineal and patrilineal pathways of language
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Fig. 1. Languages in sampled villages on Sumba and Timor, eastern Indonesia. Pie charts show the languages spoken, scaled by sample size. (Left) The
14 patrilocal villages () on Sumba and the Austronesian languages spoken by the 505 sampled men. (Right) The 11 communities on Timor, including 9
matrilocal villages (•) and 2 patrilocal villages (). Each of the 477 men sampled on Timor speaks one or more of five local languages belonging to two
language families, Austronesian (Dawanta, Kemak, Betun, and Upper Tetun) and non-Austronesian Bunak.
transmission for each individual. Although matrilineal descent
can be inferred for both men and women from their maternally
inherited mtDNA, patrilineal descent must be traced with the
Y chromosome, carried only by men. Therefore, only men were
sampled for this study. We recorded the languages spoken by
each individual, as well as genealogical records (including birth-
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Fig. 2. Language sharing in the phylogenies of Sumba (A and B) and Timor (C and D). (A and C) mtDNA. (B and D) Y chromosome. Color bands beneath
the phylogenies show the languages spoken by each individual (monolingual on Sumba; sometimes multilingual on Timor). Plots to the right of each
phylogeny show the probability of sharing a language l given that each pair of individuals are in the same genetic clade g at a given time in the past.
Solid lines represent the observed metric, with shaded bands indicating the result of random permutations of the linguistic data. Higher probabilities
that close genetic relatives share a language, compared with random expectations, were observed for Sumba Y (B) and Timor mtDNA (C) at all time
periods.
place) extending back to great-grandparents. The goal was to dis-
cover which ancestors were the source of the language(s) each
individual learned as a child. Genetic distances were inferred
between individuals for both mtDNA and Y, and this informa-
tion was used to trace genealogical relationships much deeper
into the past.
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Results
The resulting associations between groups of related men on
Sumba and Timor, and the languages they speak, are shown in
Fig. 2. Matrilineal relatedness is shown in Fig. 2 A and C, and
patrilineal relatedness is shown in Fig. 2 B and D. The color
bands beneath each phylogeny indicate the languages spoken
by each individual, including multiple colors if the individual is
bilingual or multilingual. The horizontal thickness of each color
band segment indicates the group sizes of individuals who speak
a common language and are closely related genetically. Both the
Y chromosome tree for patrilocal Sumba communities (Fig. 2B)
and the mtDNA tree for mostly matrilocal Timor communities
(Fig. 2C) contain larger clades of related individuals who speak
a common language (25 and 47 individuals in the largest clades
of the Sumba Y and Timor mtDNA trees), compared with the
trees of the dispersing sex (12 and 26 individuals in the largest
clades of the Sumba mtDNA and Timor Y trees). Larger groups
of individuals who have close genetic relationships and speak
a common language are therefore found in the lineages of the
nondispersing sex.
The hypothesis that kinship practices create durable chan-
nels for language transmission was tested by comparing the
topologies of the mtDNA and Y chromosome trees. We sur-
mised that the statistically significant difference in the group
sizes of closely related individuals who speak a common lan-
guage reflects the influence of community structure on lan-
guage transmission. Specifically, they represent persistent speech
communities created by the vertical transmission of languages
along genetic clades, as mediated by kinship rules. To test this
hypothesis, we defined a probability P(il , jl |ig(t), jg(t)) that a
pair of individuals (i , j ) share a common language l , given
that they belong to the same genetic clade g at some time in
the past t . This metric indicated greater than expected lan-
guage sharing, even at decreasing degrees of genetic related-
ness backward in time. We show this in the plots to the right
of the trees in Fig. 2, with solid lines representing the observed
data, and shaded regions indicating the range of probabili-
ties [∼0.1 in monolingual Sumba and (0.7, 0.9) in multilin-
gual Timor] seen when languages are shuffled randomly among
samples.
As we tracked back through time (i.e., deeper along branches
in the trees), men in the patrilocal villages of Sumba were consis-
tently more likely to speak a common language compared with
random cases. This tendency was stronger along patrilines (Fig.
2B) than matrilines (Fig. 2A). Conversely, in mostly matrilo-
cal Timor, men were more likely to share a common language
with their close matrilineal kin (Fig. 2 C and D). We therefore
found evidence for the persistence of speech communities, where
probabilities of sharing a common language with close kin were
stronger and distinguishable from random chance. These speech
communities appeared to have formed as genes and languages
followed the nondispersing sex—on the father’s side (Y) on
patrilocal Sumba and on the mother’s side (mtDNA) on mostly
matrilocal Timor. These results suggested two further hypothe-
ses, which we explore below:
1. Kinship rules concerning marriage and postmarital residence
can persist for many generations and predict population
genetic structure at the community scale; and
2. The association between language and genetic clades, as cre-
ated by kinship structures, provides information not only
about language transmission, but also about the structure and
persistence of social groups.
These arguments turn on the answers to two questions. First,
how do kinship rules relate to population genetic structure? And
second, what is the relationship between the channels created
by kinship practices and the transmission of languages? In other
words, how long do such channels persist, and when do lan-
guages shift between them? We began with a simple model to
explore these scenarios, and then compared the results to the
empirical data.
Kinship and Population Genetic Structure. We began by explor-
ing how kinship rules affect the movements of men and women
between villages. For this purpose, we adapted an isolation with
migration (IM) coalescent model (16) to capture the genetic
consequences of different male and female migration patterns
(SI Appendix). This model can be used to directly assess evi-
dence for the four postmarital residence practices: (i) village
endogamy, (ii) ambilocality or neolocality, (iii) patrilocality, and
(iv) matrilocality.
Fig. 3 A–D shows typical outputs from this model in the form
of paired genetic distances. Here, each individual is paired with
every other individual, and the pairs are represented by points
corresponding to how closely they are related on both mtDNA
(matriline) and Y (patriline). In the simplest cases (endogamy
and ambilocality or neolocality), there is no bias toward matri-
lineal or patrilineal relatedness (Fig. 3 A and B). Consequently,
given equal mutation rates, the distribution of pairwise mtDNA
and Y distances lies on the one-to-one correlation line, at a dis-
tance from the origin that depends on demographic parameters.
If both females and males marry and reside within their natal
villages (Fig. 3A), we see two clusters of pairwise genetic dis-
tances: (i) near the origin, a cluster of closely related kin who
reside in the same village, and (ii) a larger cluster consisting of
individuals who live in different villages and are thus less closely
related. When there is no gender bias in dispersal and both
sexes move frequently, the distributions of genetic distances for
mtDNA and Y are similar (Fig. 3B). Introducing a matrilocal or
patrilocal bias in marriage customs shifts the cluster of closely
related kin toward one or the other axis (Fig. 3 C and D). In
patrilocal villages, where men remain in their natal villages while
women may move to marry, pairs of men remain closely related
on their Y, but not their mtDNA (Fig. 3C). The opposite holds
for matrilocal villages where women remain in their natal vil-
lages and men may move to marry (Fig. 3D). These are ideal-
ized patterns. In reality, we expect a tendency toward endogamy
in both matrilocal and patrilocal systems—for example, when
A
E F
B C D
Fig. 3. Genetic structure from an IM model with migration influenced by
kinship practices. (A–D) The theoretical role of kinship practices on genetic
diversity is shown for populations that are endogamous (A), ambilocal or
neolocal (B), patrilocal (C), and matrilocal (D). (E) Close correspondence of
the IM model (red shading) with observed data (blue contours) for patrilo-
cal Sumba using (N= 144, n= 69, mfemale = 0.21, mmale = 0.01, τ = 7.61,
a= 3.31). (F) Close correspondence of the IM model with only matrilo-
cal villages on Timor, using (N= 81, n= 76, mfemale = 0.12, mmale = 0.19,
τ = 23.65, a= 1.31). Insets in E and F show the posterior distributions of
migration rates for the Sumba and Timor kinship systems based on 3 million
samples drawn from prior distributions of all IM model parameters.
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Fig. 4. Genetic distances on Sumba (A and C) and Timor (B and D), between
all pairs of individuals (A and B) and only between individuals who speak
a common language (C and D). Conditioning on language sharing reveals
three distinct clusters in the Sumba data (C), showing evidence of village
endogamy (e), ambilocality or neolocality (an), and patrilocality (p). For
Timor, the high degree of multilinguality means that most pairs of individ-
uals in B are also included in D. B and D are dominated by matrilocality (m)
and ambilocality or neolocality (an), with a small patrilocal cluster (p).
a man in a matrilocal village marries a woman from the same
village.
These predictions were borne out in the genetic data from
Sumba (Fig. 3E) and the matrilocal villages of Timor (Fig. 3F).
By plotting pairwise genetic distances, we could see how closely
individuals are related on their mtDNA (matriline) and Y (patri-
line). On Sumba, the cluster of small Y distances (close patrilin-
eal kin: 11% of pairs) is more distinct, compared with the faint
cluster of small mtDNA distances (close matrilineal kin: 5.1%
of pairs). Conversely, on Timor, the cluster of small mtDNA
distances (8.3% of pairs) is more pronounced, in contrast to
the cluster of small Y distances (7.6% of pairs). Comparing
the two islands (with more detail shown in Fig. 4 A and B),
there is a tendency for closer patrilineal relatedness on Sumba,
while on Timor, we see the opposite pattern of closer matrilineal
relatedness.
How do these patterns emerge, assuming a constant sex bias
in migration rates? To find out, we used approximate Bayesian
computation (ABC) rejection sampling to assess which IM model
parameters closely matched the data. This returns the posterior
distribution of female and male migration rates that best fit the
observed data (Fig. 3 E and F, Insets). The inferred migration
rate of the rarely dispersing sex was substantially lower than the
migration rate of the other sex, in Sumba especially.
Kinship and Language Transmission. Thus, the genetic evidence
suggests that sex-biased migration rates on both islands are con-
sistent with the observed kinship rules and have persisted for
many generations. Do these kinship practices sustain the asso-
ciation between language and genes, and, in so doing, create
persistent speech communities? To find out, we analyzed pair-
wise distance plots, weighted by the degree of language sharing
between individuals. If languages are transmitted along uni-
parental clades, then genetic distances between pairs of individ-
uals who speak a common language should enhance, and further
reveal, clusters that reflect the expected sex-biased migration
patterns. To test this expectation, we compared the pairwise dis-
tance plots weighted by degree of language sharing (Fig. 4 C and
D) with the unweighted plots for all pairs of individuals (Fig.
4 A and B).
In Sumba, the signal of patrilocality was strongly enhanced
(25% of sampled pairs) when only individuals who share a lan-
guage were considered (compare Fig. 4C with 4A). All of these
villages are monolingual, and all but one language is found in
only one village, the exception being Kambera, which is spoken
in the two villages of Bilur Prangadu and Mbatakapidu. Conse-
quently, most paired individuals who speak the same language
come from the same village. While this may seem to be a limi-
tation in the data, it was actually ideal for the purpose of distin-
guishing whether each man inherits his language from his patri-
line, matriline, or both. Comparing Fig. 4A (all pairs of Sumba
men) with Fig. 4C (only men who share the same language),
there is a strong trend for the male children of women who marry
into a community to learn the language of that community. In
other words, on Sumba, language is transmitted along male lines.
Timor differed from Sumba in two key ways: Our sample
included a mix of nine matrilocal and two patrilocal villages,
and multilinguality is common. Consequently, the resulting pair-
wise distances showed a more complex pattern of three clusters
(Fig. 4D):
1. A matrilocal cluster (m), comprising pairs of men closely
related on the matriline;
2. A weak patrilocal cluster (p), comprising pairs of men closely
related on their patriline due to the two patrilocal villages in
the sample; and
3. A large ambilocal or neolocal cluster (an), comprising pairs
of men less closely related on both the matriline and patri-
line. This likely reflects a real tendency to effectively ambilo-
cal marriage, consistent with Fig. 3F ABC results.
Importantly, conditioning on the number of languages shared
enlarged the matrilocal cluster from 8.3% to 9.1% (compare Fig.
4D with Fig. 4B), the converse pattern to Sumba.
We found that the extent of language sharing enhances the
expected sex-biased migration patterns observed on genetic dis-
tances. To further test whether channels of kinship have guided
the current of language evolution itself, we calculated the over-
all statistical cophylogenetic association between languages and
either matrilineal or patrilineal genetic clades (Table 1). In
patrilocal Sumba, a far stronger association was seen between
genes and languages for Y (Z =67.7; bold type in Table 1). A
similar pattern (stronger Z =2.67 for Y) existed for the two
patrilocal villages in the Timor sample, while the opposite pat-
tern (stronger Z =6.62 for mtDNA) was found for the matrilocal
villages of Timor.
Language Switching Between Genetic Clades. We have seen that
kinship creates channels for language transmission along uni-
parental clades and that this occurs over time scales that can
structure language sharing between related individuals. Yet it
remains unclear how long these associations persist. The phylo-
genetic trees for mtDNA and Y chromosome (Fig. 2) have roots
in the very distant past, long before any conceivable relationship
with the languages spoken today could have existed. Many of
these genetic lineages are from the first settlers in the region,
before Austronesian languages were introduced ∼5, 000 y ago.
Table 1. Z scores of gene–language associations
Sumba Timor
Genetic locus All Matrilocal Patrilocal All Matrilocal Patrilocal
mtDNA 8.32 — 8.32 5.43 6.62 1.01
Y 67.7 — 67.7 3.85 4.04 2.67
Comparing within each group of villages (columns), stronger gene–
language associations (bold type) are found for the Y chromosome in all
Sumba villages, mtDNA in all Timor villages, mtDNA in matrilocal Timor vil-
lages, and Y in patrilocal Timor villages.
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Fig. 5. The Z score measure of association between gene and language
phylogenies on Sumba and Timor for different language switching rates α.
Language switching rates below∼0.5% per generation are required to gen-
erate the type of association between languages and clades observed in the
empirical data (Table 1). All cases independently converge and abruptly lose
gene–language associations, behaving similarly to randomized cases, when
the language switch rate exceeds ∼0.5% per generation. Inset zooms in to
show the fine scale of inferred host-switching rates.
Intriguingly, however, some information about the association
between languages and genetic clades in the deep past is pre-
served by the branching points where languages either become
attached to or leave genetic clades.
Using this information, we could estimate “host switching”
probabilities for the observed gene–language tree associations
(Fig. 5). We adapted this idea from cophylogenies in ecology,
where host switching refers to movements of parasites between
host species. Here, the hosts are people and languages are the
parasites (17, 18). To estimate host-switching probabilities, we
generated a stochastic model of language transmission along the
branches of the gene tree (SI Appendix). We then performed
a standard cophylogeny statistical test to examine the extent of
congruence, if any, between the gene and language trees given
the mappings simulated from the model.
We investigated eight cophylogenies separately, as indicated
in Fig. 5. In each case, we found that low rates of host switch-
ing (0.5%) were necessary to generate cophylogenies with
strengths of association like those seen in the real data (Table 1).
Language-switching rates were lower for the nondispersing sex.
This was expected, as fewer opportunities exist for the nondis-
persing sex to be exposed to new languages, so the rate of lan-
guage switching is lower. These low language-switching rates
strengthen the association between languages and genes. Note,
however, that neighboring villages often speak the same lan-
guage, such that movement between villages may not trigger
host switching. For the case of multilingual Timor, host switching
means learning a new language while continuing to speak their
original language with some probability.
Discussion
The mtDNA and Y chromosome phylogenies told us how closely
the individuals in our sample are related, but provided no
information about how those relationships came to be. How-
ever, because these individuals were sampled at the commu-
nity scale, pairwise distances revealed sex-biased migration rates
from which we could test inferences about their respective kin-
ship systems.
Language added a further dimension. For each individual in
our sample, we reconstructed two cophylogenies of language and
genetic inheritance—for matrilineal and patrilineal inheritance,
respectively. If there were no migration between villages, the
signal of association in these cophylogenies would be identical
because individuals would learn a single language spoken by both
parents. However, if people sometimes marry into villages where
a different language is spoken, the gene and language phyloge-
nies will diverge. If many languages are spoken within a geo-
graphical region and rules of postmarital residence encourage
sustained, directional, and biased population movement between
speech communities, then languages will be channeled along uni-
parental lines.
This channeling creates distinctive patterns. Specifically, kin-
ship practices channel both mtDNA lineages and languages in
matrilocal communities, and Y chromosome lineages and lan-
guages in patrilocal communities. We found strong evidence for
these patterns on both Sumba and Timor. In contrast, lineages on
the autosomes—and, to a lesser extent, on the X chromosome—
move into and out of both men and women at each gener-
ation. Thus, autosomes move between communities relatively
independently of the kinship channels (19). Nuclear genes can
flow unfettered through cultures: Cultures, not genes, are the
stable systems.
The question of how long language transmission might have
persisted along these uniparental lines can be addressed by
comparing gene–language cophylogenies. In each generation,
an opportunity exists to weaken or scramble the correlation
between genetics and language through host switching, which
occurs when children learn a different language than one of
their parents. This can lead to three outcomes. In the absence
of host switching, the emergence of new languages (branching
in the language tree) can introduce persistent clades of related
individuals who speak a common language, and hence extensive
correlation between the gene and language trees. When host
switching occurs only rarely, some correlation remains; however,
frequent host switching and language losses quickly break down
the correlation.
Intriguingly, host-switching rates converged to 0.3–1% per
generation for all of the trees examined here. This translated
to ∼50% probability that a single host switch event would occur
within a clade (i.e., the “half-life” of a language on a lineage)
every 1, 700–5, 750 y, with near certainty of a host switch event
occurring over much longer time frames. This raises the possi-
bility that genetic clades could retain a shared language longer
than any single language exists, by related individuals replacing
one language with another together as a group.
Overall, we can infer that low rates of host switching cap-
tured the observed gene–language tree associations. To inter-
pret this result, it was useful to distinguish between social
communities and speech communities. For social communi-
ties, kinship rules persist long enough to leave clear traces in
population genetic structure. In the 25 communities included
in our study, core groups of close relatives must often have
stayed together for generations, while simultaneously maintain-
ing contact with neighboring groups with whom they inter-
married. In this way, kinship systems directly shaped the lan-
guage phylogeny over time: Consistently following a post-
marital residence rule turned social communities into speech
communities.
This was particularly clear on Sumba, where each village
became a monolingual speech community. Conversely, most
villages on Timor are not monolingual, but instead form multi-
lingual speech communities. The likely explanation for multi-
linguality in central Timor is the political turmoil of the past cen-
tury, which led to extensive local migration, as documented by
Therik (20). It is noteworthy that the association of languages
with genetic clades persists on Timor despite these recent popu-
lation movements.
The low rates of past host switching were surprisingly similar
for both islands, suggesting that kin-structured speech communi-
ties remain stable over long time scales. However, we also saw
genetic evidence of ongoing contact between social communi-
ties that practice exogamous matrilocal or patrilocal marriage (as
in ref. 21). In the past, contact between social communities like
these would often have been synonymous with contact between
speech communities.
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Previous correlational studies of gene and language trees have
focused on the effects of drift, geography (isolation by distance),
and large-scale population movements to explain patterns of cor-
relation at different scales of space and time (5, 22, 23). Our
cophylogenetic analyses at the community scale clarify how kin-
ship practices actively channel and continually renew language
transmission, creating the observed patterns of language diver-
sity and leaving a strong signal in population genetic struc-
ture. Analysis of gene–language cophylogenies and pairwise dis-
tances suggested that this channeling process usually persists
long enough to be regarded as the norm. The Timor data made
this point particularly clearly—beneath the surface variation of
language diversity in communities created by recent population
movements, enduring associations of language with uniparental
genetic clades still persist.
Although our focus has been on the role of kinship in channel-
ing language transmission, clearly, language also protects those
channels—shared language helps connect and define matrilocal
kin in the Wehali region of Timor, just as it connects and defines
patrilocal kin on Sumba. Thus, while language and kinship are
typically treated as unrelated subjects, their dynamic interac-
tion in these villages has been fundamental to the structure of
social life.
Materials and Methods
Genetic and Linguistic Data. The assemblage of published genetic data (5,
7, 24–26) used in this study consists of mtDNA HVS-I sequences (positions
16,001–16,540 of the revised Cambridge Reference Sequence) and hierar-
chically screened SNPs on the Y chromosome, together with 14 Y chromo-
some STRs. The language(s) spoken by each individual were determined by
asking their level of comprehension for each language recorded in their
village.
We followed protocols for the protection of human subjects approved
by the institutional review boards of the Eijkman Institute, Nanyang Tech-
nological University, and the University of Arizona. Informed consent was
obtained from all study participants.
Probability of Shared Gene–Language Heritage. The probability that a pair of
individuals (i, j) share a common language l given that they belong to the
same genetic clade g at generation t is given by
P(il, jl|ig(t), jg(t)) =
P(il, jl ∩ ig(t), jg(t))
P(ig(t), jg(t))
. [1]
ABC Fitting of the IM Model with Kinship. We adapted the IM model (16)
by assuming that the evolution of the mtDNA and Y chromosome can be
modeled independently, allowing male and female migration rates to vary.
We fit the predictions of this model to the observed distribution of pairwise
distances between mtDNA and Y chromosome samples using ABC. Further
details are provided in SI Appendix.
Cophylogeny of Genes and Languages. To test whether a significant asso-
ciation exists between the evolution of genes and languages, we used
statistics that are functions of binary association link matrix LG that indi-
cates which of the local languages each individual speaks, and the prin-
cipal coordinates of the genetic and linguistic distances (G and L) (27). If
genes and languages occupied corresponding positions in both phyloge-
netic trees with a significant degree of congruence, we rejected the global
null hypothesis that their evolution has been independent. The fourth-
corner statistics matrix D=G LG′ L (27) was used to calculate the congruence
of the gene and language trees. From D, we defined the global association
ParaFitGlobal = trace(D′D). The Z score metric of the observed association
between genes and languages was then calculated from the ParaFitGlobal
values of the original and permuted data.
Language Switching on Genetic Trees. A plausible stochastic model of lan-
guage transmission predicting the languages spoken at each gene tree
branch was run forward in time over the trees by using two rules. First,
where the language tree branches, all genetic clades speaking the ancestral
language were randomly assigned one of the daughter languages. Second,
a proportion of lineages α switched to a new language at each generation.
For multilingual Timor, a language switching event alternatively appended
a language to the list with probability β. Variants of this gene–language
coevolution model yielded qualitatively similar results (see SI Appendix for
details).
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